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[1] During periods of reduced Atlantic meridional overturning
circulation (AMOC) associated with a freshening of
northern North Atlantic surface water, paleo proxy records
indicate a corresponding surface salinity increase over the
entire tropical Atlantic. Although latitudinal‐shifts in the
mean position of the Atlantic Intertropical Convergence
Zone (ITCZ) can explain certain features of the paleo
salinity reconstructions, this mechanism does not offer an
explanation for the reconstructed basin‐wide paleo‐salinity
response to AMOC change. Here, we present new results
from general circulation model simulations that suggest
the sea surface salinity (SSS) increase in the tropical north
Atlantic during periods of weakened AMOC is mainly
controlled by the atmospheric response to the North Atlantic
cooling, while the oceanic teleconnection contributes to
increased SSS over the equatorial and south tropical Atlantic
Ocean. Citation: Wan, X., P. Chang, and M. W. Schmidt
(2010), Causes of tropical Atlantic paleo‐salinity variation during
periods of reduced AMOC, Geophys. Res. Lett., 37, L04603,
doi:10.1029/2009GL042013.
1. Introduction
[2] Paleoceanographic proxy records provide evidence for
wide‐spread surface cooling over the Northern Hemisphere
at times of reduced Atlantic meridional overturning circula-
tion (AMOC). Although the collapse of AMOC is associated
with a freshening of surface waters at the sites of deep water
formation in the northern North Atlantic, proxy records
suggest a corresponding sea surface salinity (SSS) increase
in the entire western tropical/subtropical Atlantic [Schmidt et
al., 2004, 2006; Weldeab et al., 2006; Carlson et al., 2008]
(Figure 1). This basin‐wide tropical/subtropical Atlantic SSS
increase contrasts sharply to the dipole‐like sea‐surface
temperature (SST) response in Tropical Atlantic resulting
from a slowdown of the AMOC [e.g. Stouffer et al., 2006]
and its mechanism is not well understood.
[3] Although north‐south migrations of the Atlantic Inter-
tropical Convergence Zone (ITCZ) in response to glacial
boundary conditions [Peterson et al., 2000; Koutavas et al.,
2002; Chiang et al., 2003] must have impacted regional SSS
patterns in the past, it is difficult to explain the overall
pattern of reconstructed SSS change associated with reduced
AMOC based on this mechanism alone. For instance, the
southward migration of Atlantic ITCZ associated with the
North Atlantic cooling [Chiang et al., 2003] would lead to
an increase in SSS over the western tropical north Atlantic
and a decrease in the equatorial south Atlantic. Neverthe-
less, proxy SSS records indicate that elevated SSS values
during periods of reduced AMOC extended into the western
South Atlantic as well [Weldeab et al., 2006; Carlson et al.,
2008]. Therefore, it seems that the proposed mechanism
explains a certain feature of paleo salinity observations, but
does not offer an explanation for the basin‐wide salinity
increase associated with reduced AMOC strength.
[4] Chang et al. [2008] articulated an oceanic pathway
change mechanism that does explain an overall salinity in-
crease in both the northern and southern Tropical Atlantic.
According to this mechanism, the tropical Atlantic response
to a rapid change in the AMOC consists of two stages. The
first stage occurs within first 10 years (roughly) after the
onset of the freshwater forcing and is dominated by Kelvin
wave‐like propagation that first occurs along the western
boundary of the North Atlantic, then along the equator, and
finally along the eastern boundaries of the basin. The second
stage occurs when the AMOC is weakened beyond a
threshold, takes longer to achieve and involves changes in
the oceanic pathway. It is this latter process that we will
demonstrate in this paper, through experiments with a
coupled ocean‐atmosphere model, is largely responsible for
the elevated SSS values in the South Atlantic.
2. Model Description and Numerical Experiments
[5] The coupled ocean‐atmosphere model used in this
study consists of a tropical‐channel ocean general circulation
model based on the Geophysical Fluid Dynamics Labora-
tory’s (GFDL) Modular Ocean Model version 3 (MOM3)
[Pacanowski andGriffies, 1999] and the Community Climate
Model version 3.6.6 (CCM3)— a global atmospheric general
circulation model developed at the National Center for Atmo-
sphere Research (NCAR) [Kiehl et al., 1998]. The configu-
ration of MOM3 is the same as that described by Kirtman et
al. [2002] except that the ocean model domain is confined
between 30°S and 30°N, including the Pacific, the Atlantic and
the Indian Oceans. Open boundary conditions are employed
at the northern and southern boundaries. The strength of the
AMOC can be altered by specifying lateral open boundary
conditions that are derived from simulations of global version
of the MOM3. Before we apply the boundary conditions to
the coupled model, we performed tropical‐channel MOM3
simulations using boundary conditions derived from the
global MOM3 control run with the same forcing as the global
MOM3 runs. The result shows the tropical‐channel MOM3
reproduces the AMOC of the global MOM3 in the tropics
(not shown). Therefore, we are confident that the method of
forcing is realistic. The CCM3 is coupled to the tropical‐
channel MOM3 through an anomaly coupling methodology
[Yeh et al., 2004]. Outside of the tropical ocean domain of
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30°S and 30°N, the CCM3 is forced by specified SSTs.
Hereafter, we refer this model to as the CCM3‐trMOM3
model. More detailed information about the model, including
models’ physical parameterizations, resolutions and perfor-
mance in simulating major modes of variability can be found
in the supplementary information of Wan et al. [2009].
[6] The CCM3‐trMOM3 allows us to investigate sepa-
rately the contributions of different physical processes asso-
ciated with changes in the AMOC on salinity changes in the
tropics. To do so, we conducted the following experiments:
[7] Control Experiment (CE): The atmospheric compo-
nent of the CCM3‐trMOM3 is forced with observed annual
cycle of SST outside the tropical ocean domain and the
oceanic component is forced with climatological inflow/
outflow conditions at the open boundaries derived from a
global MOM3 simulation forced by observed climatological
winds with restoring to observed climatological surface
temperature and surface salinity. This run provides a base-
line for other perturbation experiments.
[8] Boundary‐Forcing Experiment (BFE): Same as CE
except that the inflow/outflow conditions at the open bound-
aries are derived from a 100‐year global MOM3 simulation
with a fresh‐water input at a rate of 1.0 Sv over northern
North Atlantic (63°W∼4°E, 55°N∼65°N), in addition to the
observed climatological surface forcing. In the global
MOM3 simulation the maximum AMOC rapidly weakens
from 24 Sv to about 5 Sv after 10 years and reaches an
equilibrium state through the rest of simulation [Wan, 2009].
This run is designed to examine the effect of ocean circulation
changes on tropical salinity without changes in the atmo-
spheric forcing.
[9] Surface‐Forcing Experiment (SFE): Same as CE except
that a cold SST anomaly derived from an ensemble of
GFDL fully coupled climate model (GFDL CM2.1) water
hosing runs [Zhang, 2007] are superimposed onto the
observed SST climatology to force the atmosphere in the
North Atlantic basin (north of 20°N), to examine the effect
of atmospheric processes over the Atlantic basin on tropical
SSS.
[10] Combined‐Forcing Experiment (CFE): This run
combines the AMOC forcing in BFE and the North Atlantic
surface cooling in SFE and is designed to examine the
combined effect of the atmospheric and oceanic processes
on tropical salinity.
[11] All the experiments consist of 100‐year integrations.
The analyses presented below are based on averages of the
last 60 years of the simulations.
3. Analyses and Results
[12] We begin our analysis by first examining how trop-
ical Atlantic salt budget changes in response to AMOC
changes. Figure 2 shows the salt transport as a function of
latitudes for CE and CFE experiments. For CE experiment,
the tropical Atlantic Ocean (20°S–20°N) exports salt to the
Figure 1. Modeled changes in surface d18Oseawater resulting
from a 50% reduction in AMOC based on the coupled GCM
NASA GISS ModelE‐R [Schmidt et al., 2007]. Because the
18O/16O ratio of seawater covaries linearly with surface
salinity, increases in d18Oseawater indicate increased SSS. Also
shown are the locations of proxy reconstructions (locations
indicated in circles) indicating significant increases in sur-
face d18Oseawater during the Younger Dryas (first value) and
for the Older Dryas (second value) for cores 51GGC, GGC5,
36GGC [Carlson et al., 2008], VM28‐122 [Schmidt et al.,
2004] and GeoB3129‐3911 [Weldeab et al., 2006]. The
green (blue) line is the modern July (January) ITCZ location.
Reprinted with permission of the Geological Society of
America from Carlson et al. [2008].
Figure 2. Salt transport, ∫∫svdxdz, where the integration was carried out for entire water column in depth and across the At-
lantic basin in longitude, as a function of latitudes for CE and CFE experiments, based on the last 60‐year of the simulations.
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extratropics. To balance the fresh water budget, there must
be a positive “salt flux” into the ocean at the surface through
excessive evaporation over precipitation, i.e., (E‐P)>0, in
the tropical domain. This balance changes drastically in CFE
experiment where the AMOC is reduced. As shown in
Figure 2, the salt transport in CFE changes sign from pos-
itive to negative in the north tropical Atlantic, indicating that
the north tropical Atlantic, instead of exporting salt, is now
importing salt from the north Atlantic. The maximum salt
transport change occurs between 10°N–15°N, which coin-
cides with the region of oceanic pathway change [Chang et
al., 2008]. This result hints that the large change in the salt
transport is caused by ocean circulation changes. In contrast,
the change of the salt transport in the south tropical Atlantic
is much smaller, suggesting a weaker change due to ocean
circulation. Although this salt budget analysis suggests that
changes in the AMOC alter the salinity distribution in the
tropical Atlantic, this analysis alone is not sufficient to
elucidate SSS changes because the salt budget is balanced
for the entire water column. To understand SSS changes,
one needs to analyze the atmospheric and upper ocean
processes that directly affect the ocean mixed layer.
[13] Figure 3a shows the simulated surface salinity chan-
ges in CFE experiment over the tropical Atlantic in reference
to the control run. Consistent with proxy d18Oseawater records
for the tropical Atlantic (Figure 1) [Schmidt et al., 2004,
2006; Carlson et al., 2008; Weldeab et al., 2006], there is a
basin‐wide increase in SSS over the whole tropical Atlantic,
although some differences exist with respect to magnitude
and pattern of the salinity change. With the design of cou-
pled model experiments, we show that the SSS change over
tropical region associated with rapid AMOC decrease in-
volves several physical processes, including changes in both
the atmosphere and ocean.
[14] Figure 3d shows the corresponding model precipita-
tion change between CFE and CE. Over the north sub-
tropical region, we see consistency between the modeled
SSS anomalies (Figure 3a) and the precipitation changes
(Figure 3d), indicating that the surface freshwater flux is
mainly responsible for the distribution of SSS anomalies in
this region. Over the equatorial and south Atlantic, however,
there is an increase in SSS in a region with elevated fresh-
water precipitation, suggesting that other mechanisms must
be involved. We now demonstrate that the salinity increase
in this region is caused by changes in oceanic pathway in
response to the weakening of the AMOC.
[15] Figure 4a shows the AMOC in upper 500 m, super-
imposed on zonally averaged salinity in CE. Two maximum
salinity cores at 20°S and 20°N are clearly revealed. Of
particular interest is the strong salinity gradient along 10°N
separating the maximum salinity water of the north Atlantic
subtropical gyre from the low salinity water of the tropical
gyre. The zonally averaged salinity difference between CFE
and CE, BFE and CE, SFE and CE, are shown in Figures 4b,
4c and 4d, respectively. In BFE the AMOC weakens through
changes in the open boundaries (Figure 4c), which causes
the strength of the northward western boundary current
(WBC) that carries the upper limb of AMOC cell to decrease.
The anomalous advection of the reduced WBC acting on the
strong salinity gradient near 10°N gives rise to a strong
positive subsurface salinity anomaly (Figure 4c). Meanwhile,
the subsurface branch of the northern Atlantic subtropical cell
(STC) which carries subducted water equatorward but is
normally blocked from getting into the Tropics by the
northward AMOC return flow [Fratantoni et al., 2000;
Hazeleger and Drijfhout, 2006] (Figure 4a) forms an im-
portant component of the WBC in BFE experiment, allowing
the maximum salinity water access to the equatorial zone
Figure 3. CCM3‐trMOM3 simulated tropical surface salinity differences between (a) CFE and CE, (b) BFE and CE,
(c) SFE and CE, respectively, and tropical precipitation difference between (d) CFE and CE, using the last 60‐year data.
Experiment details are given in the text. The interval of contour line is 0.2 for salinity and 0.5 mm/day for precipitation.
Red (blue) color means positive (negative) values, saline (freshening) water for salinity and dry (wet) for precipitation.
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along the western boundary. This change in the oceanic
pathway results in an increase in equatorial thermocline sa-
linity, which eventually manifests itself as a surface salinity
increase in the tropical Atlantic due to equatorial and coastal
upwelling (Figure 3b). This is the same mechanism respon-
sible for the surface warming over the equatorial south At-
lantic ocean proposed by Chang et al. [2008].
[16] In contrast, if we only permit North Atlantic surface
cooling to occur without changing ocean circulation, as in
SFE, then surface salinity changes resemble the result of
CFE in the north tropical Atlantic (Figures 3a and 3c), indi-
cating that atmospheric processes dominate in these regions.
In the equatorial south Atlantic, however, atmospheric pro-
cesses cause a decrease in salinity (Figure 3d), contrary to the
results of our CFE experiment (Figure 3a) and with paleo‐
SSS reconstructions (Figure 1). Therefore, we conclude that
oceanic circulation changes associated with AMOC vari-
ability play a critical role in driving salinity changes in the
equatorial South Atlantic.
4. Discussion
[17] The coupled climate modeling results presented here
provide a first look at how atmospheric and oceanic pro-
cesses work together to produce a basin‐wide increase of
surface salinity in the tropical Atlantic that is consistent
with reconstructed paleo‐salinity change during periods of
reduced AMOC, such as the Younger Dryas. We reason that
the basin‐wide increase of surface salinity in the tropical
Atlantic could not be explained simply by the surface
freshwater flux change associated with a southward shift of
the ITCZ, as it would give rise to a dipole‐like SSS anomaly
with a high SSS in the North Tropical Atlantic and a low
SSS in the South Tropical Atlantic. Therefore, the monopole
SSS response may be attributed to the combined influence
of atmospheric and oceanic processes. In the North Tropical
Atlantic, the net surface freshwater flux change generated by
atmospheric circulation change in response to the surface
cooling in the North Atlantic dominates the SSS response.
In the South Tropical Atlantic, enhanced rainfall associated
with the southward immigration of the ITCZ decreases SSS,
while the oceanic pathway change induced by the AMOC
change acts to increase the SSS. The oceanic pathway
mechanism allows salty subtropical gyre water to enter the
equatorial south Atlantic region, causing a SSS increase in
the region through upwelling. Our model experiments
suggests that the oceanic process is more dominant and thus
is responsible for the SSS increase in the South Tropical
Atlantic.
[18] We emphasize that this study is a mechanistic explo-
ration of dynamical processes contributing to paleo SSS
change and is therefore not a full simulation of SSS response
to past climate events. A full simulation requires the use of
realistic paleo‐climatic forcing and boundary conditions,
which is beyond the scope of this study. Otto‐Bliesner and
Brady [2010] show that the overall response of upper
tropical Atlantic temperature to AMOC variability in LGM
hosing experiments remains similar to that of modern cli-
mate hosing experiments, in spite of a weakened AMOC by
approximately 20% and a southward shifted north Atlantic
subtropical gyre. However, whether the mechanisms pre-
sented here can fully explain paleo SSS changes requires
further studies.
[19] An important finding of this study is that a careful
model‐data comparison of paleo SSS response in the trop-
ical Atlantic may provide insight into the realism of fresh-
water forcing during periods of reduced AMOC. Future
paleo modeling studies should not only focus on the SST
response, but also pay attention to the SSS response to gain
a full understanding of ocean and atmosphere processes in
Figure 4. Upper Atlantic Ocean meridional overturning circulation streamfunction (contour) in (a) CE, (b) CFE, (c) BFE
and (d) SFE, superimposed on zonally averaged salinity (color) in CE (Figure 4a), zonally averaged salinity difference
(color) between CFE and CE (Figure 4b), BFE and CE (Figure 4c), SFE and CE (Figure 4d), respectively, using the last
60‐year data. The color bars indicate the salinity (Figure 4a) and the salinity changes (Figures 4b, 4c, and 4d) and the
streamfunction contour interval is 2Sv, where 1Sv = 106m3s−1.
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past abrupt climate changes. Since the surface process and
the oceanic pathway mechanism are opposing each other in
controlling SSS changes in the South Tropical Atlantic, the
importance of ocean circulation changes is particularly
noteworthy when SSS constraint is considered in past abrupt
climate change studies.
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